Van der Waals heterostructures are prime candidates to explore interfacial spin-orbitcoupling (SOC) phenomena for both fundamental spintronics research and applications.
The enhancement of spin-orbit effects at interfaces holds unique prospects for spin-logic technologies that can offer high-speed operation with reduced energy consumption
1,2
. Graphene is considered a promising 2D material for next-generation spintronics, owing to micrometer-length spin transport 3, 4 and electrically tunable electronic structure 5, 6 , with potential for integration with
Si-based technologies 7 . Recently, the family of transition metal dichalcogenides (TMDs)-high-SOC layered crystals that cover a broad range of properties, from insulators to superconductors 8 -has enlarged the breadth of accessible spin-orbit phenomena in graphene-based heterostructures, to include all-optical spin injection 9,10 and proximity-induced SOC up to 1 meV 11,12,13,14,15 , 20
times larger than graphene's weak spin-orbit gap 16 .
Microscopically, TMD substrates can induce different types of SOC in graphene. On the one hand, the enhancement of → − mirror-symmetric interactions (Kane-Mele SOC and spinvalley coupling 14, 15 ) is predicted to induce spin Hall effect (SHE)
11,12
, whereby an applied charge current is partly converted into a transverse spin current % & = (ℏ/2 ) 01 2 × , where the 2-axis is normal to the 2D plane and 01 is the spin Hall angle
2
. On the other hand, the interfacial breaking of inversion symmetry in 2D heterostructures containing heavy elements can induce a sizeable Bychkov-Rashba interaction 1 . The emergence of → − asymmetric SOC (hereafter, referred to as Rashba SOC) is predicted to entangle spin and SU(2)-sublattice-pseudospin degrees of freedom, endowing 2D Dirac states in graphene with a Fermi-energy-dependent helical spin texture in momentum space, a van der Waals counterpart of spin-momentum-locked surface states in topological insulator thin films 17, 18 .
Interfacial states with spin-helical structure allow efficient charge-to-spin conversion via the Rashba-Edelstein effect (REE). In this phenomenon, an applied charge current magnetizes the 2D conduction electrons, generating a nonequilibrium spin density = (ℏ/2 ) 77 We performed charge and spin-sensitive transport measurements to characterize the device components (5LG spin diffusion channel, 5LG/2H-TaS2 and 2H-TaS2; see Fig. 1a ). The two-probe resistance of 2H-TaS E , R 9:0 ; , remains constant under applied back-gate voltage g (Fig. S2, SI 4 and SI 5). In contrast, both the 2D resistivity of the spin diffusion 5LG channel, ρ HIJ , and the 2D resistivity of the 5LG/2H-TaS2 heterojunction, ρ HIJ/9:0 ; , exhibit large gate tunability (Figs.1c-d) .
Moreover, the charge neutrality point (CNP) is seen to shift from g ≈ 7 V in 5LG to g ≈ −3 V in the heterojunction region, confirming that the Fermi level in 5LG/2H-TaS2 remains close to the unperturbed Dirac point. This indicates that 2D Dirac-like states dominate the electronic transport.
Next, lateral spin-valve measurements were carried out with reference electrodes FM1 and FM2. Figure 1e shows the measured nonlocal spin-valve resistance R 0X as function of the applied inplane magnetic field along the spin-detector easy axis, ^, at =22 K and g = 0 V. The abrupt changes in R 0X correspond to the magnetization switching of the two ferromagnetic electrodes.
Hanle-type spin precession measurements were performed with a perpendicular magnetic field a (see Fig. 1f ). By fitting Hanle curves at different g to a 1D Bloch model, we have extracted a spin diffusion length λ J in the range 2-3 µm and polarization P = 4.8% at room temperature (SI 6).
The detection scheme employed to investigate charge-to-spin conversion 2,27 is depicted in is applied in order to tilt the FM3 detector magnetization towards the hard axis direction. We focus initially on measurements for electrons ( g > 0). The driving electric field ( q , along the + ` direction) shifts the spin-split Fermi surface of interfacial states, thereby producing an excess spin density s with spin-moment parallel to the spin diffusion channel (Fig. 2b) . generates net nonequilibrium spin polarization s due to applied electric field q . c. Magnetic field dependence of REE nonlocal resistance at T = 293 K and g = 35 V. The REE signal is sensitive to the current-induced spin-polarization generated by all spin-split sub-bands in the vicinity of the Fermi level.
The nonequilibrium spin polarization diffuses away from the heterojunction and is detected by the FM3 electrode. In the 1D channel approximation, the spin accumulation z = ↑ − ↓ (↑, ↓= ±`) detected at the contact ( = ≈ 1.5 m) reads as
where …77 is the current-induced spin accumulation at the heterojunction ( = 0) and is the FM3 magnetization angle with respect to the easy axis (Fig. S2d) . Fig. 2c shows the nonlocal REE
measured at room temperature for g = +35 V. The applied field is swept between −0.5 T and 0.5 T. We observe an antisymmetric response …77 (− ) ≃ − …77 ( ) characterized by a linear behavior at small magnetic fields, followed by saturation on the scale of z:™ ≈ 0.2 T (consistent with the reference spin-valve measurements; SI 6). The data accurately follows the relation …77 ∝ sin , thereby conclusively linking the measured nonlocal resistance to `-spin-polarized electrons generated electrically by 5LG/2H-TaS2. We contrast this behavior with graphene/semiconducting TMD 28 , where LI was found to display a steep decrease towards zero, when the magnitude of the applied field exceeds z:™ , indicating that 2-spin-polarized electrons are generated at the interface. Figure 3a shows the effect of the back-gate voltage on the device output. We observe strong gate-tunability, with a clear antisymmetric behavior …77 ∝ sin for all g . A lower bound to the REE efficiency …77 is found as where I5LG is the current flowing through 5LG and w 9:0 ; is the width of 2H-TaS2 flake (SI 7). The figure of merit ranges from about −0.1% at g = −50 V to +0.2% at g = +50 V (Fig. 3c) . Such a fine degree of electrical control cannot be attributed to the spin transport characteristics of 5LG
given the inherent weak V V -dependence of the spin relaxation length; see Fig. S2a and Eqs. (1) and (2) . Rather, it shows that …77 is primarily sensitive to the current-induced spin accumulation at the heterojunction, that is, Δ …77 ‚V V ƒ. The reversal of current-induced spin polarization across the CNP is therefore an unequivocal signature of spin-helical 2D Dirac fermions 18 . The spin texture of interfacial states and associated REE-induced `-spin-polarized electrons are illustrated in Fig.   3b . These findings are in contrast to charge-to-spin conversion in graphene/WTe2 29 , where SHE within WTe2 is the driving SOC transport mechanism. Indeed, the nonlocal resistance in Ref. 29 is positive (nonzero) at all V V , attaining a maximum around the CNP due to increased spin absorption by WTe2. In our device, SHE in 2H-TaS2 is negligible as borne out by the ambipolar character of the output nonlocal signal, with …77 ( g ) vanishing near the CNP (Fig. 3) . Further discussions are provided in SI 8 and SI 9.
To elucidate the nature of interfacial spin-orbit interactions in the van der Waals device, we carried out relativistic electronic structure calculations for a representative 5LG/bilayer-2H- In order to estimate the efficiency of charge-to-spin conversion by spin-split states in 5LG, we carry out tight-binding transport simulations informed by the ab initio electronic structure (see Methods). The Fermi surface of a pristine 5LG with proximity-induced SOC is shown in Fig. 4c In conclusion, we have reported current-induced spin polarization at room-temperature in a van der Waals heterostructure of few-layer-graphene and 2H-TaS2. The non-equilibrium spin polarization is readily tunable by a back-gate voltage, with charge-to-spin conversion efficiency ranging from about -0.1% at negative gate voltage ("ON" state with excess spin "⇓") to +0.2% at positive gate voltage ("ON" state with excess spin "⇑"). The "OFF" state (no spin polarization) is ideally achieved at charge neutrality. The REE spin-switching effect (that is, electrical reversal of the nonequilibrium spin polarization vector) unveiled in this work paves the way for all-in-one energy-efficient generation and manipulation of spin-based information using nonmagnetic van der Waals materials.
Methods
Crystal Growth. Single crystals of 2H-TaS2 were grown by a chemical vapor transport method using iodine as the transport agent. The temperature was increased to 785 °C in a 120 hours period.
The cold end of the tube was kept at 735 °C during growth. Following a stabilization period of 8 days, the high temperature zone was cooled to 570 °C in 100 hours. After synthesis, the tube was left to cool down to room temperature. The size of typical single crystals is 3 x 3 mm 2 in the lateral size with a thickness of a few hundred micrometers. Electrical measurements were performed using a standard low-frequency lock-in technique.
Ab initio calculations.
To gain insights into the atomic and electronic structure of graphene multilayers on TaS2, we carried out ab initio density functional theory calculations. To reduce the in-plane strain of the multilayer heterostructure, we employ unit cells consisting of a 3´3 TaS2 supercell and a 4´4 graphene supercell resulting in a small interlayer mismatch of less than 2 percent. To calculate the ground state energy, we employ a plane-wave/pseudopotential approach as implemented in the computer program VASP (31) . In particular, we use the Perdew-BurkeErnzerhof (PBE) exchange-correlation energy functional, projector-augmented wave (PAW) pseudopotentials, a plane-wave cutoff of 400 eV and a vacuum region of more than 10 Å between periodically repeated slabs. The first Brillouin zone of the heterostructure was sampled using a 3´3´1 k-point grid. Van der Waals interactions were included. All structures were fully relaxed until the force on each atom was less than 0.01 eV Å −1 . To visualize the Fermi surfaces, we interpolated the PBE band structure using maximally localized Wannier functions (see SI 11 for further details).
Tight-binding transport model. To determine the spin-charge conversion characteristics of the 5LG-2H-TaS2 heterostructure, we carried out accurate tight-binding transport calculations. The graphene multilayer with ABABA stacking was described by the standard Slonczewski-WeissMcClure model of bulk graphite (32) supplemented with interface-induced Rashba interaction on the two closest layers to 2H-TaS2. The standard graphite tight-binding parameters are adjusted until the spectrum qualitatively reproduces the ab initio energy bands of states predominantly localized on 5LG (Fig. 4b) . To determine the response of the heterostructure to a DC electric field, we solve the Boltzmann transport equations incorporating electron scattering processes within the standard relaxation time approximation. The 2D Edelstein efficiency parameter 77 is determined from the ratio of charge current-spin density susceptibility Å^( , ) = s ( , )/ q to charge conductivity ÇÈ ( , ) = q ( , )/ q computed from exact numerical diagonalization of the optimized tight-binding model for an ideal interface with minimal electron-hole asymmetry (see SI 12 for further details).
